The next-to-minimal supersymmetric standard model can host light neutralino dark matter with mass of order GeV scale. It is dominated by the singlino component as a result of approximate Peccei-Quinn symmetry. This paper is devoted to address the question how light such neutralino dark matter can be in the light of the LHC Run 1 data as well as the latest LUX and Xenon1T limits. In particular, we show the sensitivity of parameter space of dark matter mass with respect to Z boson and SM Higgs invisible decay. * Electronic address: qiurongmou@163.com
I. INTRODUCTION
It is well known that the Standard Model (SM)-like Higgs discovered at the LHC [1, 2] imposes severe constraint on stop soft mass parameters. They are at least several TeVs in order to provide significant radioactive correction to Higgs mass [3] [4] [5] in the situation of small mixing or of small tree-level modification. Similar favor to large soft masses for the others such as gluino mass is also suggested by the LHC Run 1 data.
When the soft mass parameters of supersymmetry are large (in compared with the weak scale), it is hardly available to directly detect them at the LHC, unless some of dimensionless parameters of supersymmetry are extremely large or small. Such specific choices reopen the potential of leaving striking signatures in collider or astrophysical experimental facilities.
In supersymmetric models favored by simplicity, the Minimal Supersymmetric Standard Model (MSSM) and the Next-to-Minimal Supersymmetric Standard Model (NMSSM) (For a review, see, e.g., [6] ) are the two simplest ones which retain the unification [7] of SM gauge coupling constants. The later one is an extension of the former by adding a singlet S with superpotential
The dimensionless parameters in the NMSSM are thus composed of λ and κ of Eq.(1). Following previous line it is prior to tune λ or κ in the sense that it may leave detectable signatures and help us distinguish NMSSM from MSSM simultaneously. Remarkably, a small value of κ yields a singlino-like neutralino dark matter (DM) with mass as light as a few GeVs. The smallness of κ can be simply analyzed as an input parameter as in earlier studies [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Alternatively, it is a result of approximate Peccei-Quinn (PQ) symmetry 1 as we choose here. Unlike in the large mass region, a light DM is rather sensitive to Z boson [20] [21] [22] and Higgs [23, 24] invisible decay limits. Consider that the later one will be significantly improved in comparison with earlier studies, it is meaningful to uncover the sensitivity of parameter space of DM mass to this experimental value.
The plan of this paper is organized as follows. In Sec.2 we firstly analyze the mass matrixes and interactions under the approximate PQ symmetry both in the Higgs and neutralino sector. Then we use the numerical code NMSSMTools 5.0.2 [25] to solve eigenstate masses, and micrOMEGAs [26] to extract parameter space imposed by DM relic abundance as well as direct detection limits at LUX [27, 28] and Xenon1T [29, 30] . Sec.3 is devoted to DM indirect detections at particle colliders. We show the constraints arising from Z boson [32] and latest Higgs [33] invisible decay at the LHC. Finally, we conclude in Sec.4. The appendix is added to introduce our convention and notations.
II. LIGHT SINGLINO DARK MATTER IN NMSSM
The neutralino DM is dominated by the singlino component in PQ-symmetric NMSSM, as inferred from the neutralino mass matrix in Eq.(A4). The DM mass eigenvalue is generally handled by numerical calculation. In contrast, analytic approximations can be only obtained under the decoupling limit M 1,2 >> µ, which are useful for illustrating the numerical results in the text. When the wino and bino are decoupled in Eq.(A4), the remaining three mass eigenstates ordered in mass are then decomposed as,
where M P is the Planck mass, x F ∼ 20, and g * is effective number of freedoms at the freezeout temperature. The experimental value of DM relic abundance reported by Planck and WMAP [36] is given as
Parameter range [35] ) whereas small κ is adopted in the spirit of spontaneously broken PQ symmetry.
Obviously, the parameter space induced by DM relic density is sensitive to the two mixing angles and masses of DM and light CP-odd scalar in Eq. (4), which are directly related to parameters λ, tan β, κ, µ, A λ and A κ as shown in the appendix, and indirectly to parameters such as gaugino masses M i as well as the soft masses involving the third generation. The parameter ranges for them to be scanned in terms of the numerical codes NMSSMTools 5.0.2 [25] and micrOMEGAs [26] are explicitly shown in Table. I. What is the most different in our scans of parameter ranges from the other studies in the literature is that large gluino and stop masses are chosen whereas small κ is adopted in the spirit of spontaneously broken PQ symmetry.
Apart from constraints contained in the code, there are 2560 out of 20 million samples in this scan which satisfy DM relic density and SM Higgs mass constraint simultaneously. In and that of mixing angle in Eq.(4) are both small in this DM mass region. A resonant annihilation is therefore needed to compensate the suppression. But it is modified when the lightest CP-even Higgs h 1 makes substantial contribution to the singlino annihilation.
B. Direct Detection
Since samples which satisfy the DM relic density have been prepared, it is straightforward to discuss DM direct detection in terms of DM-nucleon scattering. The spin-independent (SI) and spin-dependent (SD) scattering cross section σ is given by Feynman diagram of interchanging SM Higgs and Z boson, respectively. By employing micrOMEGAs [26] we show σ SI and σ SD as function of DM mass mχ0 In the left plot samples referred by "•" and by "×" are excluded by the SI limits at LUX [27] and Xenon1T [29] , respectively. Nevertheless, samples referred by " " are still consistent with these SI limits. Meanwhile, exclusions by different SD limits are also illustrated by different colors in the left plot, with blue and green corresponding to Xenon1T [30] and LZ [31] , respectively, as clearly shown in the right plot. Therefore, sample referred by red " " are consistent with both nowadays SI and SD limits, although the number of them is rare in the figure.
The left plot of Fig.2 shows that most of samples have been excluded by SI limit at LUX. The main reason is that σ SI is approximated to be
for moderate or large value of tan β. Here, m p is the proton mass, and f p is given by
with
The magnitude of T h 2χ [27] and Xenon1T [29] , respectively; and by blue and green are excluded by the SD limit at Xenon1T [30] and LZ [31] , respectively. In contrast, samples marked by red " " are not excluded neither by SD or SI limits.
[27]. σ SI can further decrease when the signs of N 13 and N 14 are opposite, as a result of which T h 2χ 0 1χ 0 1 in Eq.(10) is significantly suppressed to help evade the LUX or even Xenon1T limit.
III. COLLIDER CONSTRAINTS
Results in the previous section show that light neutralino DM still survives in the facilities of LUX, Xenon1T and LZ. It is natural to ask what the fate of them is at colliders. This section is devoted to explore this question.
Before we address the constraint imposed by Z boson invisible decay into light neutralino DM, we postpone the discussion about Higgs invisible decay. The invisible decay width Γ inv Z is determined by [37] ,
The reported experimental bound Γ inv Z ≤ 2 MeV [32] implies that the magnitude of (N 2 in Eq. (11) is upper bounded by ∼ 0.01 roughly. It explains why most of samples in Fig.1 are excluded according to the left plot therein. Fortunately, the left plot of Fig.3 shows that a small portion of samples (red triangle) surviving in DM direct detection experiments is still not ruled out by this bound.
Finally, we discuss the constraint arising from SM Higgs invisible decay. Since light A 1 is needed by light singlino-like DM, the invisible decay width Γ inv h may be composed of the following three parts :
Eq. (12) suggests that Γ [33] as reported in the LHC Run 1 data has also excluded most of samples. When DM mass is above half of SM Higgs mass, the second channel in Eq. (12) is closed, but the others may be still allowed. After combing the plots of Fig.2 we draw the conclusion that neutralino DM with mass as light as several GeVs is hardly excluded by the Z boson and Higgs invisible decay. In Table. II we show the main input and out parameters of a benchmark point. Fig.3 , where mass and Γ inv Z is in unit of GeV and MeV, respectively.
IV. CONCLUSION
This work presented a numerical study of NMSSM with heavy soft mass parameters associated with the third generation but light neutralino DM due to small spontaneously breaking of PQ symmetry. Naively speaking, such light DM may be already excluded either by DM direct detection facilities or SM Z boson and Higgs scalar invisible decay experiments. The main finding, however, is that both the latest SD and SI limits from LUX and Xenon1T are unable to exclude light neutralino DM with mass of order several GeVs. This study also demonstrates that even the further precision test on Higgs invisible decay at the HL-LHC or LZ experiments fail to exclude such a possibility.
. After diagonalization by an orthogonal matrix S ij we obtain three CPeven neutral scalars h i , and one of them is identified as the SM-like Higgs. The off-diagonal elements in M 2 S determine the mixing effects between these mass eigenstates, the magnitude of which are severely upper bounded by the Higgs precision measurements at the LHC [39] . With small mixing effects the SM-like Higgs is mainly composed of h 2 .
Under basis (A, S I ) the mass matrix squared for CP-odd scalars is given by,
A λ λυA λ * λ 2 υ 2 A λ sin 2β 2µ
(A3)
After diagonaliztion by an orthogonal 2 × 2 matrix P ij (θ A ) with angle θ A , one obtains two CP-odd neutral scalars A i (ordered in mass). The determinant of M 2 P in Eq.(A3) is zero in the PQ limit, which implies that there is a massless CP-odd scalar.
On the other hand, the neutralino mass matrix M χ under the gauge eigenstates (B,W ,H u ,H d ,s) are given by,
where µ = λs and s W = sin θ W . When M 1 , M 2 >> µ, bino and wino are decoupled, which leads to a singlino-like neutralino LSP.
